SECONDARY LYMPHEDEMA IS OFTEN a consequence of axillary clearance (12, 52) , a standard surgical treatment for breast cancer that excises large collecting vessels and associated lymph nodes that drain fluid from the arm. This procedure disrupts the path of lymphatic drainage from the arm (46) . A recent innovation that restricts the dissection to the sentinal lymph nodes has been found to reduce the incidence of arm swelling early on, but by 12 mo, the swelling between the two treatments is no longer statistically different (29) . Breast cancer surgery produces two types of iatrogenic damages: 1) axillary tissue wound with disrupted lymphatic capillaries (draining arm skin and subcutis) and 2) transection of large lymphatic vessels (draining muscles, bones, and associated tissues) (39, 42, 43) . Following the surgery, a scar develops that obstructs lymph flow at the site of surgical intervention (44) .
Because the surgical removal of collecting lymphatics across the axilla is coincident with reduced lymphatic drainage from the arm when assessed at later times during lymphedema (6, 7, 31, 41) , it has been widely hypothesized that the poor regeneration of lymphatic function across the regenerating axillary cavity during the postsurgical wound healing process may increase the potential for lymphedema to develop. For this reason, research efforts have recently focused on promoting lymphatic growth (lymphangiogenesis) at the site of injury to achieve the amelioration of secondary lymphedema (11, 38, 47, 48, 55) .
It has been shown that vascular endothelial growth factor (VEGF)-C can promote lymphangiogenesis through activation of VEGF receptor (VEGFR)-2 and VEGFR-3 on lymphatic endothelial cells (1-3, 13, 21, 22, 24, 26) , and several studies have demonstrated the potential of excess VEGF-C therapy for increasing the growth of lymphatic capillaries and vessels across a surgically produced lymphatic obstruction and hastening the natural resolution of acute tissue swelling in experimental models (11, 20, 38, 47, 48, 55) . These findings have raised hopes that excess VEGF-C therapy may be beneficial for restoring a functional lymphatic network in humans with secondary lymphedema. However, other studies have found that endogenous VEGF-C levels are already significantly elevated during experimental edema (35, 50) and that excess VEGF-C may promote lymphatic hyperplasia (14, 19, 28) without increasing lymphatic function (18, 35) , suggesting that supraphysiological levels of VEGF-C may not necessarily promote functional lymphangiogenesis. Therefore, the mechanism by which VEGF-C reduces edema in acute experimental models remains unclear.
The present study was intended to clarify the role of VEGFR signaling during edema resolution to clarify the mechanism by which VEGF-C may work to hasten the natural resolution of edema in acute experimental models. We have previously found that the inhibition of VEGFR-3, which completely prevents lymphangiogenesis, does not impair the natural resolution of tissue swelling in the mouse tail, since fluid is able to spread interstitially across the regenerating wound site (50) . Therefore, we asked whether VEGFR-2 signaling may be more important than VEGFR-3 signaling or whether VEGFR-2 and VEGFR-3 may work synergistically to resolve the swelling. Here, we employ a model of acute edema in mouse tail skin (45) to clarify the dependence of edema resolution on VEGFR signaling. The mouse tail model uniquely allows for lymphatic flow to be traced across the obstruction site, for new lymphatic growth to be distinguished from existing lymphatics, and for lymphatic function to be measured via microlymphangiography.
MATERIALS AND METHODS
Female wild-type C57BL/6 or balb/c mice (Harlan; 6 -8 wk) were used. Mice were anesthetized with 2.5% isoflurane mixed with oxygen gas for surgical procedures and were euthanized at experimental end points by CO 2 asphyxiation. All protocols were approved by the Animal Care and Use Committee of Michigan Technological University.
Neutralizing antibodies. Signaling via VEGFR-2 and VEGFR-3 is critical for lymphangiogenesis (16) . Antagonist antibodies against mouse VEGFR-3 (mF4 -31C1) and mouse VEGFR-2 (DC101) were provided by ImClone Systems (New York, NY). Continuous inhibition of VEGFR-3 or VEGFR-2 with 150-l intraperitoneal injections of mF4 -31C1 and DC101, respectively, at 0.625 mg per dose has been shown to completely inhibit lymphangiogenesis in vivo (15, 16, 33) . Successful lymphangiogenesis suppression in the present study was confirmed in lymph vessel hyaluronan receptor-1 (LYVE-1)-stained tail skin sections (see supplemental Fig. 1 ; note: supplemental material may be found with the online version of this article). One hundred fifty microliters of saline or isotype-matched control antibody were used for control injections.
Model 1-tail edema: normal wound healing. Tail skin edema was created in C57BL/6 mice by excising a 1-mm circular band of dermis (which contained the lymphatic capillary network) 1 cm from the base of the tail, leaving the underlying bone, muscle, tendons, and major blood vessels intact, similar to previous studies (11, 35, 45) . Mice were divided into four groups and received intraperitoneal injections of saline or blocking antibodies (for VEGFR-3, VEGFR-2, or combined receptor blocking) 1 day before surgery and then every 5 days until euthanasia.
Model 2-tail edema: covered wound healing. A scar-free/enhanced tissue repair model of tail skin edema was created in C57BL/6 mice by the removal of dermis as described for model 1. However, following the injury, the wound region was covered with a closefitting, gas-permeable silicone sleeve, similar to previous studies (10, 14 -16, 33, 34) . The sleeve protected the injury site, allowing the tissue to repair more rapidly and in a relatively scar-free manner. The placement of a circular wound 1 cm from the tail base in the present model resulted in edema of the distal tail skin, whereas the placement of a circular wound midway up the tail in previous studies did not produce skin swelling (10, 14 -16, 33, 34) . This may be due to the lower volume of capillary filtrate that must traverse the wound site to maintain fluid balance when the injury is placed farther down the tail.
Detection of functional lymphatics via microlymphangiography. Visualization of lymph flow through tail lymphatics and across the obstruction site was performed as previously described (10) . Briefly, mice were anesthetized with a subcutaneous injection of ketamine (65 mg/kg), xylazine (13 mg/kg), and morphine (2 mg/kg). In order for the location of lymph within the tissue to be determined later in skin sections, lysine fixable tetramethylrhodamine-conjugated dextran (2,000 kDa; Invitrogen, Carlsbad, CA) was injected intradermally into the tail tip under constant pressure. The fluid tracer becomes immobilized in the tissue following fixation with 4% formaldehyde. The fluid tracer was taken up by the tail lymphatics in the live mouse and transported across the wound region to the proximal side. Fluorescence images of the microlymphangiographies were captured with a DP71 color camera on a BX51 Olympus fluorescence microscope.
Immunofluorescence and immunohistochemistry. Following microlymphangiography, the tail specimens were cut into 10-m longitudinal cryosections and immunostained. Immunostaining of tail cryosections proceeded with antibodies against LYVE-1 and podoplanin to detect lymphatic endothelial cells. A rabbit polyclonal antibody against the lymphatic-specific hyaluronan receptor LYVE-1 (Upstate, Charlottesville, VA) was used along with an Alexa Fluor 488 goat anti-rabbit secondary antibody (Invitrogen). A hamster monoclonal antibody against podoplanin (AngioBio, DelMar, CA) was used with an Alexa Fluor 647 goat anti-hamster secondary antibody (Invitrogen). The path taken by lymph through the tail was identified in situ by the immobilized tetramethylrhodamine-conjugated dextran fluid tracer. Macrophages were detected in 10-m cryosections of mouse tail skin by labeling the F4/80 macrophage-specific marker (5) . A biotinylated anti-F4/80 antibody (Serotec) was used along with Alexa Fluor 555-conjugated streptavidin (Invitrogen). Blood endothelial cells (BECs) were detected in 10-m cryosections of mouse tail skin by labeling the CD31 BEC marker. A biotinylated anti-CD31 antibody (BD Bioscience) was used along with Alexa Fluor 555-conjugated streptavidin (Invitrogen). Cell nuclei in LYVE-1-, podoplanin-, F4/80-, and CD31-labeled sections were counterstained with 4=,6-diamino-2-phenylindole (DAPI; Vector, Burlingame, CA).
Physiological measurements. Tail swelling in both the uncovered and covered regenerating skin edema models was determined by measuring tail diameters in Photoshop from digital images of the tail distal to the wound site. Two images of the tail at a 90°rotation from each other were captured for each mouse tail with a DP71 color camera mounted to a stereo microscope, and the two diameters were averaged together. Wound closure was measured along the longitudinal axis of the tail as the distance between the distal and proximal regenerating tissue across the wound site. Tracer clearance (or transit time) of the lymphatic dye was defined as the time for the tracer leading edge to flow from the injection site (tail tip) to the proximal side of the regenerating wound. Because the tracer becomes taken up by lymphatics and is then transported toward the proximal direction across the wound, the time for the tracer to cross the wound site is indicative of lymphatic function. Blood capillary percent coverage was determined within 500 m of the wound edge in CD31-labeled tissue sections with a threshold analysis using Metamorph software.
Statistical methods. At least five animals were used for each data point. Data are presented as means Ϯ SE. P values were calculated using Student's t-test, ANOVA, or Tukey-Kramer honestly significant difference (HSD) as indicated.
RESULTS

Edema resolution is dependent on combined VEGFR-2 and VEGFR-3 signaling.
Recently, we found that the neutralization of VEGFR-3 and the complete prevention of lymphangiogenesis did not impede acute edema resolution of the mouse tail since lymph was able to spread interstitially across a regenerated obstruction site that was protected by a silicone cuff (50) . Because exogenously administered VEGF-C, which signals through VEGFR-2 and VEGFR-3, has been shown to ameliorate acute edema, we asked whether VEGFR-2 neutralization or combined VEGFR-2 and VEGFR-3 neutralization may inhibit the resolution of skin swelling. Lymphatic obstructions were surgically prepared according to model 1, and wound repair of the obstruction site was allowed to proceed in the presence of saline or neutralizing antibodies against VEGFR-2 and VEGFR-3, either alone or in combination (Fig. 1A) . In the mouse tail model, edema was seen to develop within several days postsurgery and to resolve without any intervention within 2 mo. It was found, based on the measurement of wound closure across the obstruction site, that the combined VEGFR-2/-3 neutralization impaired wound repair across the obstruction relative to what occurred following saline or individual receptor blocking treatments (Fig. 1B , P ϭ 0.02 and 0.003 by ANOVA at days 20 and 30, respectively). Tissue repair proceeded normally following the individual receptor blocking treatments (Fig. 1) , which we have shown inhibits lymphangiogenesis (see supplemental Fig. 1 and Ref. 16 ). An analysis of the tail diameters showed that the inhibition of either VEGFR-3 or VEGFR-2 alone did not significantly change the evolution of tail swelling relative to the controls. However, the combined receptor neutralization inhibited the resolution of edema relative to the controls at days 40 and 50 ( Fig. 1C , P Ͻ 0.02 by ANOVA). Therefore, the combined VEGFR-2/-3 neutralization correlated with reduced tissue repair at the site of obstruction and reduced the resolution of the tail swelling, whereas the lack of lymphangiogenesis at the wound site, obtained following individual neutralization of either VEGFR-2 or VEGFR-3, did not reduce the resolution of the tail skin swelling.
Enhanced tissue repair improves edema. We observed that the combined VEGFR-2 and VEGFR-3 neutralization correlated with impaired tissue repair across the dermal obstruction and worsened the edema relative to the controls. However, it was unclear whether the extended tail swelling that we saw with the combined receptor blocking condition was caused by the impaired wound repair process locally at the obstruction site or by other more widespread effects of the inhibited VEGFR signaling elsewhere in the tail, such as possible alterations in inflammation. To help clarify this issue, we produced 1-mm skin injuries in the mouse tail and either protected the injury site to promote tissue repair locally at the obstruction site (model 2) or left the injury site unprotected to allow the wound to heal normally (model 1) as before. It was found that protecting the injury site from the outside environment promoted tissue repair ( Fig. 2A) and reduced skin swelling relative to the unprotected site ( Fig. 2B , P Ͻ 0.001 by ANOVA at days 15 and 25). Because we have previously reported that edema of the mouse tail resolves naturally as fluid drains across a similarly protected wound site even when lymphangiogenesis is completely blocked with VEGFR-3 neutralizing antibodies (50), these results suggest that edema may resolve when a path across the obstruction site is present for fluid to drain from the tail interstitially.
Enhanced tissue repair at the site of injury improves longterm regeneration of lymphatic function. We have previously demonstrated that interstitial flow may promote functional lymphangiogenesis (15) . We have also shown that protecting the wound site resulted in a significant reduction of the swelling at day 15, which is before functional recovery of the regenerating lymphatics (10, 34, 50), suggesting that interstitial Fig. 1 . Edema resolution may be dependent on combined VEGF receptor (VEGFR)-2/-3 signaling. Edema in the mouse tail skin was induced over a period of 60 days by a 1-mm-wide surgical excision of the skin that was left unprotected. Injury sites at days 20 and 30 for control, VEGFR-3 neutralization, VEGFR-2 neutralization, and combined receptor neutralization conditions are shown from top to bottom, respectively. Scale bar (A, bottom, right) ϭ 5 mm. The evolution of wound closure (B) and tail swelling (C) over the 60-day period for the different conditions is graphically depicted. For the wound closure data, wound lengths are normalized to the initial 1-mm-long wound. For the swelling data, tail diameters are normalized to the average initial (preswelling) diameter of the tails within each group. n ϭ 10 mice per group. *Statistical significance. flow was increased across the obstruction site. Therefore, we asked whether the functional regeneration of the lymphatic capillaries was increased in the covered wound relative to the uncovered wound. Microlymphangiographies of the mouse tails were conducted at day 60 postsurgery to determine the speed and path of fluid tracer transport from the tail tip across the site of injury. It was found that the fluid tracer diffused across the uncovered obstruction sites of model 1 (Fig. 3,  A-D) , whereas the fluid tracer was transported across the covered obstruction site of model 2 inside the regenerated lymphatic capillaries (Fig. 3E) . A comparison of the time for the fluid tracer to transport from the tail tip to the proximal edge of the regenerating regions in the two models was undertaken. It was found that the fluid drainage of the injected dye was significantly improved across the covered obstruction site relative to the uncovered obstruction site (P Ͻ 0.02 by Student's t-test, 72 Ϯ 6 vs. 221 Ϯ 44 min, respectively). Observations in podoplanin-labeled skin sections showed that some fluid marker overlapped in some cases with regenerated lymphatics in the covered regenerating region. In some cases, small focal regions of fluid tracer did not overlap with podoplanin label, suggesting that some transport of lymph in the covered wound site may be through interstitial fluid channels rather than capillaries. In contrast to the covered wound, the transport of fluid tracer across the normal regenerating region demonstrated a prominent overlap of fluid tracer with the interstitium (Fig. 4, A-D ). These findings demonstrate that fluid transport was increased across the covered wound site (model 2) relative to the uncovered wound site (model 1). This also provides additional evidence that the reduced wound repair that followed combined VEGFR-2/-3 neutralization may have reduced interstitial flow and caused the extended swelling.
VEGFR signaling regulates angiogenesis but not macrophage infiltration during experimental edema. Combined VEGFR-2/-3 neutralization reduced swelling resolution, possibly by reducing tissue repair and interstitial flow at the site of obstruction.tk;1 However, interference with the inflammatory response to injury by the combined VEGFR-2/-3 neutralization may also potentially reduce swelling. Indeed, VEGF-C has been shown to chemoattract macrophages, which express VEGFR-2 and VEGFR-3 (40, 54). Furthermore, macrophage involvement in inflammation (25) Fig. 2 . Edema resolution in the mouse tail skin is enhanced by accelerated tissue repair at the site of obstruction. Edema in the mouse tail skin was induced by a 1-mm-wide surgical excision of the skin that was left unprotected or protected with a silicone cuff. Images are shown at 0, 2, 5, 10, 15, and 25 days postsurgery (A). Scale bar (A, bottom, right) ϭ 5 mm. B: tail diameters in the normal and protected tissue regeneration conditions. *P Ͻ 0.001, differences at day 15 and day 25 between these groups were highly significant. Tail diameters were normalized to their average initial (day 0) value. n ϭ 10 mice. and lymphangiogenesis (30, 51) may be regulated in part by VEGFR-2 and VEGFR-3 signaling. Thus it is possible that VEGFR neutralization in the swollen mouse tail may have decreased lymphangiogenesis (via blocking VEGFR-2 or VEGFR-3 signaling individually) or worsened the swelling (via blocking VEGFR-2 and VEGFR-3 signaling together) by reducing macrophage infiltration into the swollen skin. To clarify the roles of VEGFR-2 and VEGFR-3 in macrophage infiltration during tissue edema, we assessed the presence of macrophages in the edematous tail skin via immunostaining of the F4/80 macrophage marker. It was found that macrophage residence at day 10 became sharply increased in edematous skin relative to normal skin but was unaffected by VEGFR blocking since F4/80 antigen was present throughout the swollen skin under all treatments (Fig. 5,  A-E) . Thus VEGFR-2 and VEGFR-3 neutralization, either alone or in combination, failed to restrain macrophage accumulation into the edematous skin.
VEGF-C activates VEGFR-2 and -3, both of which can be expressed in a wound healing environment by BECs in addition to lymphatic endothelial cells (21, 27) and macrophages. Furthermore, it has recently been demonstrated that VEGF-C can accelerate wound healing (36) and increase angiogenesis (4, 9) as VEGFR-3 becomes upregulated on blood endothelium during normal wound repair (49) . Because we found that combined VEGFR-2/-3 signaling neutralization had reduced wound repair of the lymphatic obstruction and reduced swelling resolution, we probed for angiogenesis at the wound margins to determine whether angiogenesis was reduced by the combined VEGFR-2/-3 neutralization. We assessed the presence of blood capillaries in the edematous tail skin wound margins via immunostaining of the CD31 BEC marker (Fig. 5,  F-J) . It was apparent that blood capillary regeneration at the wound site at day 10 was reduced in the VEGFR antibodytreated edematous skin relative to the control edematous skin. A measurement of the coverage of regenerating blood capillaries demonstrated a statistically significant reduction in blood capillary coverage near the edge of the wound in the mice treated with the blocking antibodies relative to isotype-matched control antibody treatment (P Ͻ 0.05, by Tukey-Kramer HSD), falling from 14.3 Ϯ 1.5% coverage in the control antibody-treated condition to 11.5 Ϯ 1.0%, 9.2 Ϯ 1.2%, and 6.9 Ϯ 1.5% for VEGFR-3, VEGFR-2, and combined VEGFR-2/-3 blocking antibody-treated edematous skin, respectively (Fig. 5K ). Blood capillary coverage following combined receptor neutralization, but not following VEGFR-2 neutralization, was significantly lower than in the VEGFR-3 neutralized condition (P Ͻ 0.05, Fig. 3 . Tissue repair promotes fluid drainage across the obstruction site. Edema in the mouse tail was induced by a 1-mm-wide surgical incision, and microlymphangiographies were conducted at 60 days in tails that were left uncovered (A) and treated with anti-VEGFR-3 (B), anti-VEGFR-2 (C), or combined anti-VEGFR-2/-3 blocking antibodies (D) or covered with a cuff that enhanced wound repair (E). Distal to proximal direction is right to left in all images. Bar (in E) ϭ 1 mm. It was seen that fluid tracer diffused slowly across the wound site in A-D and was transported within regenerated lymphatics (identified by unique hexagonal architecture) in E. Regenerated lymphatic function was assessed at day 60 by measuring fluid tracer clearance across the obstruction via microlymphangiography in the covered and uncovered tails (F). *Statistical significance. A-E: panels consist of multiple images at different locations of the mouse tail that were collected under the fluorescence microscope and then assembled in Photoshop to form a complete representation of the respective tails.
by Tukey-Kramer HSD). Thus the combined VEGFR-2 and VEGFR-3 neutralization impaired angiogenesis more potently than the individual receptor neutralizations at the site of the lymphatic obstruction.
DISCUSSION
Lymphedema of the human arm is a consequence of a surgical procedure that removes lymph nodes, lymphatic collecting vessels, and surrounding tissue from the axilla in an effort to treat breast cancer. It has been hypothesized that lymphedema arises because of poor lymphatic regeneration at the axilla and that increased lymphangiogenesis with excess VEGF-C may improve lymphatic drainage (20, 32) . Indeed, excess VEGF-C has been shown to increase lymphangiogenesis and improve edema in several acute experimental models (11, 38, 47, 48, 55) . The results of these studies suggest that a resolution of experimental edema may be dependent on lymphangiogenesis. However, we found that blocking either VEGFR-2 or VEGFR-3, which prevents lymphatic growth (17, 33) , after a disruption of lymphatic capillaries in the mouse tail does not impair the resolution of the edema. These results demonstrate that edema resolution in the mouse tail is not dependent on new lymphatic growth across the surgical obstruction. They also indicate that the balance of interstitial forces may be more important than lymphangiogenesis for maintaining fluid drainage and tissue volume during acute edema.
VEGF-C has been shown to promote the growth of lymphatic capillaries and lymphatic collecting vessels in various experimental models of lymphatic injury and tissue repair (11, 17, 37, 38, 47, 48, 55) . In these studies, VEGF-C was found to promote lymphatic capillary regeneration in the context of wound repair in the rabbit ear (47), mouse tail (11, 55) , and across incision wounds in the mouse (37) . VEGF-C was also found to promote the regeneration of lymph vessels in the axilla following lymph node excision (48) and the reconnection of severed popliteal prenodal lymph vessels in the mouse (17) , although the regeneration of lymphatic vessels has not yet been observed in humans. We have found that a lack of lymphangiogenesis of lymphatic capillaries or collecting vessels does not affect edema resolution, whereas a combined VEGFR-2/-3 neutralization was found to reduce wound repair at the site of obstruction and inhibit the resolution of tail skin swelling. The reduced skin swelling resolution may be causally related to the impaired wound repair process. Indeed, we found that the enhanced tissue repair with a protective silicone cuff had an ameliorative effect on the edema. Tissue repair at the obstruction site may contribute to the resolution by restoring a matrix bridge across the obstruction and thereby reducing interstitial resistance to interstitial fluid flow, in addition to potentially reducing inflammation. These results demonstrate that a combined VEGFR-3 and VEGFR-2 signaling may promote the resolution of experimental edema by inducing angiogenesis and wound repair, thereby restoring a matrix bridge for fluid drainage. Therefore, edema resolution in the mouse may be VEGFR signaling dependent but lymphangiogenesis independent. However, our data do not rule out the possibility that the increased lymphatic growth obtained with excess VEGF-C during wound repair may reduce the predisposition for developing secondary lymphedema some time following the resolution of the initial edema.
VEGF-C activates VEGFR-2 and -3 (3, 23), both of which can be expressed in a normal wound healing environment by BECs and macrophages (40, 54) in addition to lymphatic endothelial cells (21) . We found that macrophage infiltration into the swollen skin was independent of VEGFR signaling. Therefore, an altered infiltration of macrophages is unlikely to have caused the worsened skin swelling that was found fol- lowing the combined VEGFR blockade. It has been recently reported that VEGF-C can accelerate wound healing (36) and increase angiogenesis (4, 8, 9) . VEGFR-3 neutralization was found to reduce angiogenesis (49) , as VEGFR-3 becomes upregulated on blood endothelium during normal wound repair (53) . We have found that the inhibition of VEGFR-2 and VEGFR-3 signaling in combination impaired angiogenesis and wound healing. Thus we speculate that the reported therapeutic effects of excess VEGF-C treatments during experimental edema may have occurred in part by promoting wound repair by inducing angiogenesis at the site of obstruction. By the reduction of interstitial resistance to flow across the obstruction, VEGF-C and its receptors VEGFR-2 and VEGFR-3 may promote lymphangiogenesis-independent edema resolution in animal models.
It is important to note that the development of human secondary lymphedema is a much slower process (sometimes several years) than can be recapitulated in the mouse model. Additionally, tissue edema in these mouse models will, to some degree, resolve itself over time, which is not the case for the human disease. This and similar models are more reflective of the resolution of acute tissue swelling that occurs in humans immediately following lymphatic disruption rather than of secondary lymphedema. In contrast to acute edema, secondary lymphedema usually becomes clinically evident several months or years after the healing of the original injury with lymphatic-related damage but following some initiating insult. Thus the present data suggest the importance of interstitial forces in the resolution of acute tissue swelling induced by lymphatic disruption and not the resolution of secondary lymphedema. This and similar models could be used to investigate the importance of wound healing for the resolution of acute tissue edema, but not secondary lymphedema. The extent to which conclusions about VEGF-C effectiveness to treat chronic secondary lymphedema can be made after experiments in models of acute tissue edema is not clear.
Although most human patients do not develop secondary lymphedema immediately after surgery (as occurs in experimental models), a cavity remains at the surgical site following axillary dissection. This cavity undergoes a normal wound healing process that parallels the poor regeneration of lymphatic function at the wound site, similar to what we have found following a normal regeneration of the mouse skin. We Fig. 5 . Dependence of macrophage infiltration and angiogenesis during experimental edema on VEGFR signaling. Edema in the mouse tail skin was induced by a 1-mm-wide surgical excision of the skin that was placed 10 mm from the tail base and left unprotected. Shown are fluorescence images of the F4/80 macrophage marker (A-E) and CD31 blood endothelial cell marker (F-J) (immune-detected antigen in each image is shown in red). Macrophages were detected in tissue sections of normal mouse tail skin (A), in edematous mouse tail skin (B), and in edematous mouse tail skin treated with anti-VEGFR-3 neutralizing antibodies (C), anti-VEGFR-2 neutralizing antibodies (D), and combined receptor signaling neutralization (E). In B-E, which depict macrophages in the swollen skin, the skin epidermis is located at the top of each image. Scale bar (in E) ϭ 0.5 mm. Blood endothelial cells were detected in tissue sections of normal mouse tail skin (F) or the distal wound margin in edematous mouse tail skin treated with isotype matched control antibody (G) or in edematous mouse tail skin treated with anti-VEGFR neutralizing antibodies (H), anti-VEGFR-2 neutralizing antibodies (I), and combined receptor signaling neutralizing antibodies (J). Wound margin is shown on the right side in G-J, indicated by yellow arrowheads. Blue color in A-J is 4=,6-diamino-2-phenylindole (DAPI)-labeled cell nuclei. Scale bar (in J) ϭ 0.5 mm. Measurement of blood capillary percent coverage for the different treatments within 500 m of the wound edge (K) demonstrated inhibition of angiogenesis in the regenerating tissue by the receptor blocking antibodies. n ϭ 5 mice per group. *Significant difference relative to the control condition. **Significant difference relative to VEGFR-3 blocking. A-J: panels consist of multiple images at different locations of the tissue section that were collected under the fluorescence microscope and then assembled in Photoshop to form a complete representation of the respective tissue.
speculate that the poor regeneration of lymphatic function in the human arm may have been caused by a normal wound healing process that impedes interstitial flow and lymphatic flow through the obstructive tissue, similar to what we have found in the mouse. Thus, while lymphangiogenesis may not be necessary for the resolution of acute tissue swelling following lymphatic disruption, a lack of adequate lymphangiogenesis (perhaps in the context of wound healing as our data suggest) may predispose the tissue to swelling in the future. We have found an increased fluid drainage and functional lymphangiogenesis following augmented tissue repair. This raises the possibility that improvements to the natural healing of the axillary wound may reduce interstitial resistance to fluid flow in humans and increase lymphatic regeneration. Taken together, these data suggest that therapy with VEGFs may be more successful if administered during the wound repair process that follows axillary dissection in humans rather than subsequent to the onset of secondary lymphedema, which occurs after wound repair has largely subsided. The data also suggest that VEGFR neutralization therapy to reduce tumor size or metastatic spread may increase the susceptibility for lymphedema following axillary dissection.
